Sixteen RR Lyrae variables from the QUEST survey that lie in the leading arm of the tidal stream from the Sagittarius dSph galaxy have been observed spectroscopically to measure their radial velocities and metal abundances. The systemic velocities of 14 stars, which were determined by fitting a standard velocity curve to the individual measurements, have a sharply peaked distribution with a mean of 33 km/s and a standard deviation of only 25 km/s. The [Fe/H] distribution of these stars has a mean of −1.76 and a standard deviation of 0.22. These measurements are in good agreement with previous ones from smaller samples of stars. The mean metallicity is consistent with the age-metallicity relation that is observed in the main body of the Sgr dSph galaxy.
The radial velocities and the distances from the Sun of these stars are compared with recent numerical simulations of the Sgr streams that assume different shapes for the dark matter halo. Models that assume a oblate halo do not fit the data as well as ones that assume a spherical or a prolate distribution. However, none of the fits are completely satisfactory. Every model fails to reproduce the long extent of the stream in right ascension (36 • ) that is seen in the region covered by the QUEST survey. Further modeling is required to see if this and the other mismatches between theory and observation can be removed by judicial choices for the model parameters or instead rule out a class of models.
Subject headings: stars: abundances, stars: kinematics, stars: variables: other, galaxies: individual(Sagittarius)
INTRODUCTION
From the time of its discovery (Ibata, Gilmore & Irwin 1994 ) the Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy has been considered the prototypical example of the tidal destruction and assimilation of a small galaxy into the halo of a larger one. Long tidal streams of stars from the Sgr dSph, which were predicted by theoretical models of the destruction process (e.g. Johnston et al. 1999) , have now been observed in several directions with different stellar tracers by the recent large-scale surveys of the halo. An all-sky view is provided by the M giants detected by the 2MASS survey, which reveals two prominent tidal streams, one leading and one trailing the main body of the dSph galaxy (Majewski et al. 2003) . In addition to these metal-rich stars, the streams also contain numerous RR Lyrae stars (Ivezic et al. 2000; Vivas et al. 2001; Vivas & Zinn 2004) , which, as we show later, are metal poor in addition to being very old.
The detailed study of the Sgr tidal streams is important for several reasons. First, it gives us a close-up look into the process of tidal destruction and galaxy merging, which may be responsible for the formation of the halos of disk galaxies, as suggested by the hierarchical models of galaxy formation and by numerous studies of the Milky Way's halo over the past 25 years (see review by Freeman & Bland-Hawthorn 2002) . Second, comparisons between the stellar populations at different points in the streams and the main body of Sgr may reveal interesting facets of galaxy evolution in the presence of strong tidal forces, in particular if dynamical models can provide the chronology of the formation of the streams. Finally, tidal streams are powerful probes of the shape of the potential of the Milky Way (Johnston 1998) , which at the large galactocentric distances of the Sgr streams may be dominated by the dark matter halo. There has been some recent debate, however, over the usefulness of the Sgr streams for this purpose. N-body simulations of modern hierarchical galaxy formation picture predict that dark matter halos should be flattened by appreciable amounts (e.g. Bullock 2002 ). The fact that the Sgr tidal streams can be traced with both Carbon stars and M giants along a narrow great circle on the sky has been used as an argument in favor of an almost spherical halo (Ibata et al. 2001; Majewski et al. 2003) ; otherwise the stars in the stream would disperse and the resulting stream would be much wider and perhaps not even recognizable as a feature above the background of halo stars (Mayer et al. 2002) . While this alone may not rule out the hierarchical models, the apparent deviation of the most familiar dark matter halo from the predicted norm is somewhat discomforting. More recently Helmi (2004) has argued that only old streams will be dispersed by the precession generated by a flattened potential and that the Sgr streams are too young dynamically, with most of the stars stripped out in the past few perigalacticon passages (Helmi & White 2001; Helmi 2004; Martínez-Delgado et al. 2004) , for this to have occurred. The theoretical models of the streams under different assumptions of halo shape, (e.g. Helmi 2004) , are in fact different on small scales. The precisions that are necessary to test observationally these models are achievable with RR Lyrae variables, but with few other halo tracers.
The spatial distribution of the Sgr streams is well documented by the investigations of Yanny et al. (2000) ; Ivezic et al. (2000) ; Ibata et al. (2001) ; Vivas et al. (2001) ; Martínez-Delgado et al. (2001) ; Newberg et al. (2002) ; Majewski et al. (2003) ; Martínez-Delgado et al. (2004) and Vivas & Zinn (2004) . The tidal streams should be also coherent structures in velocity space as well. The most complete work on the subject to the date is that of Majewski et al. (2004) , who obtained radial velocities for ∼ 300 M giant candidates, most of them belonging to the Sgr trailing (Southern Galactic Hemisphere) stream. They find that the feature is indeed a coherent structure in velocity space.
In this paper, we present a spectroscopic study of RR Lyrae stars from the QUEST survey belonging to the Sgr leading arm (Northern Galactic Hemisphere). These observations provide a unique set of detailed observations in this part of the stream: location on the sky, distance from the Sun, spatial dimensions, radial velocities and metallicities. Many of these parameters are better determined in this region than in any other part of the stream. This is because RR Lyrae stars are excellent standard candles, which enables us to determine their distances with precisions of ∼ 6%. The precisions obtained with other stellar tracers are substantially worse, for example they are 20 − 25% for K and M giants (Dohm-Palmer et al. 2001; Majewski et al. 2003) . It is important to emphasize that our sample is made of bona-fide RR Lyrae stars (not just candidates), which were discovered using well-sampled light curves. The purpose of our observations was to constrain models of the disruption of the Sgr galaxy, and we show that none of recent models of Sgr streams are consistent with these observations. This paper is organized as follows: in §2 we describe the target selection, spectroscopic observations and data reduction. Section §3 describes the method for obtaining radial velocities of these pulsating stars, and §4 explains the determination of metal abundances. In §5, we compare our results with different theoretical models of the Sgr streams. We briefly summarize our results in §6.
THE DATA

Target Selection
The distribution on the sky of the 85 RR Lyrae variables in the QUEST survey ) that are probably part of the Sgr stream covers about 36
• in right ascension, from 13.
h 0 to 15. h 4 (Vivas et al. 2001; Vivas & Zinn 2004) . To confirm the size of the stream and to detect any gradients in radial velocity with position, we selected for spectroscopic observation stars from this sample that lie along the whole length of stream and that span its range in magnitude (see Figure 1) . The 16 stars that were observed have a mean magnitude of V = 19.27 and range from 18.88 to 19.66. These stars lie approximately 50 kpc from the Sun. The light curves of these stars, which with their periods classify them as type ab 1 , are well defined by the QUEST observations. This suggests that the Blazhko effect is not present. The ephemerides from the QUEST observations should be adequate for predicting the phases of the spectroscopic observations.
Observations
During the pulsation of a typical type ab RR Lyrae variable, the star's radial velocity varies by ∼ ±50 km/s about the systemic velocity (Layden 1994) . To avoid excessive broadening of the spectral lines by the changing velocity, the integration times of the spectroscopic observations should be kept under 30 minutes, which is equivalent to 5% of the pulsation cycle. Given the faintness of the program stars and these short exposure times, a very large telescope was required for this project. Our observations were obtained with the Focal Reducer/Low Dispersion Spectrograph (FORS2) at the Very Large Telescope -Yepun (VLT-UT4), European Southern Observatory (ESO), Paranal, Chile, in service mode, during 18 nights between June and August 2002. We used grism 600B and a slit width of 1 ′′ , which yielded a resolution of ∼ 6Å and a dispersion of 1.20Å/pix. The spectra were centered at 4650Åand span the spectral range from 3400 to 6300Å.
The service mode FORS calibration plan provides daily sets of bias and flat field frames for the data reduction. For technical reasons pertaining to this spectrograph, it is not possible to take wavelength calibration exposures before and after an observation. Calibration exposures can be taken only during daytime and with the telescope pointing at the zenith. Each day our targets were observed, one daytime exposure of a He + HgCd lamp was made for wavelength calibration. Instrument flexures are expected to be small , < 1 pixel, and to depend on zenith distance (e.g. Gallart et al. 2001 ). As we explain in detail below, we corrected the zero point of the wavelength calibration by measuring several sky emission lines that were present in our spectra.
The exposure times for our targets varied between 20 and 30 minutes, split into two exposures of equal length. Because of the change of radial velocity with phase, we requested two spectra of each star be taken on different nights. Consequently, we have two spectra at different phases for most of our targets, which facilitates the fitting of a radial velocity curve to the measurements. Only one observation was obtained for 2 of the stars. A few observations were made outside the minimum requirements of seeing and/or airmass that were specified for our program, and an additional observation was then scheduled. After reduction, we discovered that the spectra taken under relatively poor conditions were nonetheless useful, which resulted in 3 spectra being available for 3 stars. Table 1 gives the log of the observations. The identification number of the RR Lyrae stars is the same as in Vivas et al. (2004) .
In addition to our 16 program stars, we requested spectra of 4 radial velocity standard stars, which are also standard stars for Layden's (1994) pseudo-equivalent width system (see §4). Table 2 lists the observation log of the standard stars and the adopted values of heliocentric radial velocity, which were taken from the SIMBAD astronomical database 2 . Because we were uncertain about the optimum exposure time for these bright stars, we requested two observations of different length. In most cases, we could use both spectra because they had high S/N and were not saturated. A companion sky spectrum for each standard star was taken by moving the slit off the star and on to blank sky. These exposures of 300s yielded good S/N spectra of the sky lines, which were used to check and to correct, if necessary, the wavelength calibration. The sky lines were too weak in the short exposures of the standard stars themselves to be useful.
Data Reduction
The image reduction and extraction of the spectra was made using standard IRAF 3 routines. Special care was given to the wavelength calibration. Each spectrum was individually calibrated using an order 3, cubic spline function for the fit and 12-14 spectral lines. The rms of the dispersion solution was usually 0.02-0.03Å.
To check the wavelength calibration, we measured several emission lines of the night sky that were also present in the relatively long exposures of the targets. The reference wavelengths of these lines were taken from the Keck telescope web page 4 . Six sky lines could be measured in these spectra, including the strong [OI] at 5577.338Å, and Na I at 5889.950 A. The central wavelengths of these lines were measured by fitting a Gaussian profile. The mean deviations of sky lines from their reference wavelengths varied from star to star and from -1.09Å to +0.05Å. Following Gallart et al. (2001) , these deviations were used to correct the zero point of the wavelength scale, which were applied to each spectrum by modifying the header parameter CRVAL1, the starting wavelength. Corrections were applied to both our program stars and the radial velocity standards. The standard deviation of the mean offset of the 6 sky lines from their reference wavelengths was typically of 0.16Å, which is equivalent to about 10 km/s. This value is included later in the calculation of the error in the radial velocities. Figure 2 shows that there is indeed a relation between the amount of the shift of the sky lines and the zenith angle of the telescope, which suggests that instrument flexure is to blame for at least some of the zero-point offsets. Other authors (eg. Tolstoy & Irwin 2000) have chosen to obtain the dispersion solution, and not only the zero point correction, of FORS spectra by using sky lines exclusively. This technique, which works well for red spectra where there are numerous sky lines at all wavelengths, is inappropriate for the few sky lines in our spectra. The daytime lamp spectra are used here to define the dispersion relation, but the zero point of the calibration is corrected by measuring the wavelengths of the sky lines.
There is still the possibility that the stellar spectra will be displaced relative to the wavelength calibration because the star is poorly placed in the relatively wide slit, which of course has no effect on the sky lines. This is potentially a problem for all low resolution spectra where the projected slit width corresponds to a large number of km/s. During our observations, the star images were seldom smaller than the slit width because the seeing varied from 0.
′′ 8 to 1. ′′ 7 (Table 1) , with an average value of 1. ′′ 1. This probably smeared out the effects of guiding errors on the stellar spectra, but this can be only checked by comparing the stellar velocities between themselves and with published values (see below).
Because we split in two the exposure time of each program star, we extracted, wavelength calibrated and corrected each observation individually. Then, the two spectra were summed (using the IRAF task scombine) to improve the S/N. Figure 3 shows a few examples of the reduced spectra of the RR Lyrae stars. Most of the spectra have excellent S/N (> 25 at the Ca II H and K lines). The few spectra with worse S/N (bottom panel of Figure 3 ) are still good enough to measure the star's radial velocity.
RADIAL VELOCITIES
The radial velocities of the stars were measured with the IRAF task fxcor, which performs Fourier cross-correlation between a program star and a radial velocity standard star. The wavelength range for the cross-correlation was from 3800 to 5200Å. As expected with the high S/N of our spectra, the correlation peaks were well defined in all cases. They were, however, broad because the correlations are dominated by the Balmer lines, which are wide features in these stars with A-F type spectra.
It is highly desirable that the cross-correlation is made with a template that has a spectral type similar to the target's. For this reason, we decided not to use the spectra of the standard star HD 97783 because none of our targets have such a late spectral type. Each spectrum of a RR Lyrae star was therefore correlated with the 5 spectra of the 3 remaining standards.
While fxcor returns a value for the standard deviation of the cross-correlation (σ cc ), this is not a true measure of the uncertainty because it does not take into account the zero-point uncertainty in the wavelength calibrations of the program star and the standard star. The sigmas of these zero-points were therefore added in quadrature to σ cc . Then using these adjusted values of σ cc as weights in the standard way, we calculated the weighted mean of the 5 velocities returned by the cross-correlations and the standard deviation of this mean. After correction for the Earth's motion, these values were adopted as the heliocentric radial velocity (V r ) and its standard deviation (σ r ), which are listed in Table 1 .
In order to determine the systemic velocity (V γ ), each star was fitted with the radial velocity curve of the well-studied RR Lyrae star X Aretis. We used Layden's (1994) parame-terization of the velocity curve that Oke (1966) measured from the Hγ line. As demonstrated by Oke (1966) and other observers, the velocity curves of type ab RR Lyrae variables that are measured from the Balmer lines have larger amplitudes and are more discontinuous during the rise to maximum light than the ones measured from the weaker metal lines. The Balmer line curves are appropriate for the observations made here, and the good agreement that Layden (1994) found between his results and values of systemic velocity that are based on measurements of the metal lines provides confidence in this method. In Figure 4 , we show the fit obtained for 3 RR Lyrae stars in our sample with Layden's (1994) curve. They are examples of a very good fit (Star #360), an average fit (Star #244), and a poor fit (Star #409). Because the form of the discontinuity near maximum light is not the same in all type ab variables, this region is best avoided when determining the systemic velocity. Consequently, observations at phases less than 0.1 or greater than 0.85 were excluded from our fits of the velocity curves. The top and middle plots in Figure 4 contain observations that were excluded from the fits for this reason (in each case the point to the far right). It is important to note that while these points and a few additional observations of other stars are not useful for fitting the velocity curves, they are, as expected, within the extremes of the velocity curve. This would not be the case if our observations were plagued by very large errors stemming, for example, from very poor guiding (see above).
Due to the variation in the values of σ r (see Table 1 ), we weighted the values of V r when fitting the velocity curves. For X Ari, the systemic velocity (V γ ) occurs at phase 0.50, and this phase was adopted for all the program stars. Our estimation of the error in the systemic velocity (σ γ ) includes the uncertainty in this value. Table 3 lists the number of observations that were used in the fits, the values of V γ , and the rms of the fitted points (when N ≥ 2). The large range of the rms values is not surprising given the small N. Because the average of these values (16 km/s) is very similar to σ r , the velocity curve of X Ari appears to be a reasonable model for the program stars.
The errors in the values of V γ were estimated in the following way. Most of the observations used in the fits were made in the phase interval 0.1 to 0.77, where Layden's (1994) curve is a straight line. The remaining observations were made between phases 0.77 and 0.85 where the velocity remains nearly constant. For estimating the errors, these points were considered to lie on the same line as the others at a phase of 0.77. The error in V γ that is determined from one value of V r depends of course on σ r , but also on the uncertainty in the adopted velocity curve as well. This has been approximated by considering the likely uncertainties in the phase where the velocity curve passes through the systemic velocity and in the slope of the velocity curve, given the fact that there are star-to-star variations in the amplitudes of the velocity curves. The type ab star SU Draconis was observed by Oke, Giver & Searle (1962) in essentially the same manner that Oke (1966) observed X Ari.
The Hγ velocity curve of SU Dra is linear between phases 0.0 to 0.8, but passes through systemic velocity at phase 0.45 instead of 0.50 as in the case of X Ari. To be conservative, we adopted 0.1 as the 1σ uncertainty in the phase of the occurrence of systemic velocity, which also includes some allowance for the errors in the determination of the phases of our observations. The high-quality velocity curves of 22 type ab variables that were discussed by Liu (1991) , which were not determined from measurements of the Balmer lines but from metal lines, indicate that the velocity amplitude of X Ari lies near the middle of the range. It is likely that this is also true of the amplitude of the velocity curve given by its Balmer lines. In this connection, it is important to note that the amplitudes of the velocity curves and the light curves are tightly correlated (e.g. Liu 1991) and that the light variation of X Ari is only sightly larger than the average amplitude of our program stars. Over the phase interval 0.1 to 0.77, the Layden's (1994) curve for X Ari has a slope of 119.5 km/s per unit phase, and from the above considerations, we estimate 23.9 km/s as the 1σ variation in this number stemming from the star-to-star variations in velocity amplitude. In the following equation for the error in V γ , ∆φ is the difference in phase between 0.50 and the phase of the observation. The second and third terms take into account the uncertainties in the phase of the systemic velocity and the slope of the velocity curve, respectively. 
This equation was used to calculate σ γ for each observation used to measure V γ . If two observations were used to determine V γ , the final value was calculated by combining the values of σ γ from the individual measurements in the usual manner for calculating the σ of a weighted mean value. Table 3 lists the values of σ γ that we obtained.
We have a few external checks on the accuracy of our radial velocities. When crosscorrelated with each other, the 7 spectra of the 4 radial velocity standards yield, to within the errors, the standard values of their velocities. Because the spectra of these stars were taken over a range of zenith angles (39 − 47
• ), this comparison is also a check on our method to calibrate the zero points of the wavelength calibrations. For a separate project we obtained a spectrum of an RR Lyrae star in the globular cluster Palomar 5 (Pal 5 V2; QUEST ID = 400) during the same observing period and with the same instrumental setup as the observations reported here. Exactly the same measuring techniques yield V r = −63 ± 15 km/s. Since V2 is a type c RR Lyrae variable, it is expected to have a much smaller velocity amplitude than type ab variables and at most small differences are expected between the Balmer-line and the metal-line velocity curves (Tifft & Smith 1958) . The velocity curve of X Ari is clearly inappropriate for it, and we considered instead the velocity curves that Liu & Janes (1989) and Jones, Carney & Latham (1988) measured from metal lines for the type c variables TV Boo, T Sex, and DH Peg. The shapes of these curves are quite similar, and they indicate that phase of systemic velocity is near 0.34. Our observation of V2 in Pal 5 was made at a phase of 0.37; hence to obtain V γ , it is necessary to make only a very small correction to V r . Using the velocity curves of the above 3 variables as templates, we obtain V γ = −65 ± 16 km/s for V2, and the error includes an estimate of the uncertainty due to differences in the velocity curves. The heliocentric velocity of Pal 5 (−58.7±0.2 km/s) and its internal velocity dispersion (1.1 ± 0.2) are very precisely known from the work of Odenkirchen et al. (2002) . To within the errors, our measurement of V2 is consistent with membership in Pal 5, which on the basis of position on the sky and distance from the Sun is a near certainty.
The distribution of radial velocities of the observed sample of RR Lyrae stars is very narrow (Figure 5 ), which is a clear sign that it is not a random sample of halo stars, but as expected a coherent group in velocity space. For comparison, we estimated the mean radial velocity of halo stars in this part of the sky (l = 340
• , b = +56
• ) by assuming a non-rotating halo and following the procedure described in Yanny et al. (2003) . The resulting distribution of random halo stars is shown in Figure 5 as a dashed Gaussian curve with σ = 100 km/s. The mean velocity of the 16 RR Lyrae stars is 13 km/s with a standard deviation of 62 km/s (after subtracting in quadrature our observational errors). However, two of the stars (#333 and #337) have velocities far from the rest of the group. According to Vivas & Zinn (2004) , if the Sgr stream lies within a smooth distribution of halo stars following a r −3 power-law, we expect 1-2 halo RR Lyrae stars in this volume of space. Thus, the two outliers may belong to the general halo population (but see §5). Removing these two stars, we obtain a mean velocity for the group of 33 ± 8 km/s with a standard deviation of only 25 km/s. We will show below that these results agree qualitatively with the models of the Sgr tidal stream, but also that the velocity and the spatial distributions of the RR Lyrae variables are very useful for distinguishing between different models, none of which match these observations in full detail.
The radial velocity measurements by other authors of stars in this Sgr stream agree with our observations. There are 4 red giant stars from the Spaghetti Survey that lie close on the sky to our region (Dohm-Palmer et al. 2001) . The velocity distribution of those stars is also shown in Figure 5 . This group has a mean velocity of 42 ± 16 km/s and a standard deviation of 32 km/s. The recent work of Majewski et al. (2004) provides velocities for a large number of M giants in the stream, most of them belonging to the trailing tidal tail. There are, however, 3 stars in their sample that lie close to the region on the sky that was observed by the QUEST survey. These stars have a mean velocity of 64 km/s (σ = 43 km/s), which is consistent with the velocity distribution that we have found for the RR Lyrae variables. According to Majewski et al. (2003 Majewski et al. ( , 2004 , the mean distance from the Sun of this part of the Sgr stream, in particular these 3 stars, is ∼ 40 kpc, which is considerably smaller than the distances of the RR Lyrae variables (∼ 54 kpc). This castes some doubt on their membership in the same stream and/or the compatibility of the distance scales for the two types of stars. The blue horizontal branch stars that have been identified by the Sloan Digital Sky Survey (SDSS) in the northern stream form a broad clump at ∼ 50 kpc from the Sun and at V los ∼ −10 km/s (see Fig. 14 in Sirko et al. 2004) , which corresponds to V r ∼ +10 km/s. The SDSS survey has also identified candidate RR Lyrae variables in this part of the sky, and measurements of V r for a subsample of these, without correction for the variation in V r as a function of phase, has a broad distribution with a peak at V r ∼ 40 km/s (Ivezic et al. 2003) . Both of these measurements from the SDSS survey are consistent with what we find from a smaller, but more precisely measured sample of stars.
To investigate in more detail the velocity distribution of the leading Sgr stream, we have computed for our sample of RR Lyrae variables the longitude (Λ ⊙ ) and latitude (B ⊙ ) in the Sgr orbital plane (Majewski et al. 2003 and www.astro.virginia .edu/∼srm4n/Sgr) and the Galactocentric Standard of Rest radial velocity (V GSR ), which required removing from V γ the contributions from the Sun's peculiar motion and the rotation of the Local Standard of Rest (see Table 3 ). We used the same values for these corrections as did Majewski et al. (2004) so that a direct comparison can be made with their results for the trailing Sgr stream. Majewski et al. (2004) found that the dispersion in V GSR varies as a function of Λ ⊙ from 10.4 ± 1.3km/s (25
They obtained these values after fitting a quadratic equation in Λ ⊙ to the run of V GSR with Λ ⊙ . Among our sample of RR Lyrae variables, there is no evidence for more than a linear dependence, which may be a consequence of our larger measuring errors and the fact that our sample spans only 28
• in Λ ⊙ . In addition, there is a strong correlation between Λ ⊙ and B ⊙ in the sample (see Table 3 ), which is due to the inclination of the Sgr plane to the declination band of the QUEST survey. A variation of V GSR with B ⊙ may therefore skew the one with Λ ⊙ . With the very deviant stars #333 and #337 removed from the sample, a straight line fit to the (Λ ⊙ ,V GSR ) pairs yields a dispersion of 30 km/s. After subtracting in quadrature the average value of σ γ (16.6 km/s), we obtain 25 ± 8 km/s for the intrinsic velocity dispersion. To compute the uncertainty in this value, we followed the usual procedure for the propagation of errors and the usual practice that the uncertainty in the σ given by the fit is σ/ √ 2N, N = number of observations (14). For the random error in the average σ γ , we adopted 5 km/s on the basis that this average is unlikely to exceed by much our estimate of σγ for one observation. The velocity dispersion of this sample of RR Lyrae variables in the leading Sgr stream is therefore significantly larger than the ones that Majewski et al. (2004) found for the M giants in the trailing stream. Some part of this difference may be related to the
• is the Sgr core fact that the RR Lyrae variables are members of an older stellar population than the one producing the M giants, which is probably significantly younger than 5 Gyrs (Majewski et al. 2003) . The RR Lyrae sample may therefore contain some stars that were released from Sgr long before the release of the M giant population.
METAL ABUNDANCES
The metal abundances ([Fe/H]) of the RR Lyrae variables have been measured using the variation of the ∆S technique that was pioneered by Freeman & Rodgers (1975) . In this method, the pseudo-equivalent width of the CaII K line, W(K), is plotted against the mean of the pseudo-equivalent widths of the Balmer lines of hydrogen, W(H). Except during a small period of time on the rising branch, the variations in these parameters with phase define tight sequences that are essentially identical for stars of the same [Fe/H]. The curves for stars of different [Fe/H] are systematically offset from one another, which after suitable calibration with stars of known abundance, allows one to measure [Fe/H] from a low resolution spectrogram. This technique yields abundances that are erroneously too low when it is applied to spectrograms taken during the rapid increase in effective gravity on the rising branch of the light curve when shock waves produce emission in the cores of the Balmer lines. The magnitude of this effect is largest in the largest amplitude type ab variables and can vary from cycle to cycle (see Smith 1995 for a review). Two of the spectra (#244 on 2002-06-17 and #360 on 2002-08-10) have oddly shaped Balmer line profiles, which is a sign that they have been affected by this phenomenon (e.g. Layden 1994 ). Consequently, we have discarded the values of W(K) and W(H) that were derived from them. The phases of a few other observations indicate that they were made on the rising branch, but neither the spectra nor the values of [Fe/H] that were derived from W(K) and W(H) are unusual. Layden (1993 Layden ( , 1994 has calibrated this technique on the widely used Zinn & West (1984) metallicity scale for globular clusters. Although this scale is two decades old, over the range −1.7 <[Fe/H]< −1 it is in good agreement with the [Fe/H] II scale that Kraft & Ivans (2003) recently derived from high-dispersion spectroscopy of red giants. At larger and smaller abundances, the differences between the scales are small (≤ 0.3 dex) and depend to some extent on the way the high dispersion measurements are extrapolated. We have followed very closely Layden's analysis by using his computer program to measure the pseudo-equivalent widths and by observing standard stars from his list of equivalent width standards so that our measurements could be transformed to his system. We also used Layden's method for correcting W(K) for interstellar absorption, which is small because of the high galactic latitudes of our stars. Since we did not measure RR Lyrae variables of known abundance, we did not attempt to correct the pseudo-equivalent width of Hβ for metal-line absorption as did Layden (1994) . This is a minor effect, and the results Layden (1993) obtained with and without this correction have nearly identical precisions. Our measurements of W(H), the mean value of the widths of the Hβ, Hγ, and Hδ lines, and W(K) are listed in Table 1 and plotted in Figure 6 . W(H) and W(K) were not measured for the observations of stars #294 on 2002-08-08 and #379 on 2002-07-06 because these spectra are too noisy to yield reliable results. Because W(H) and W(K) vary with phase, we cannot use most of the multiple observations of the same stars to estimate the observational errors. Three stars were observed at two phases that differ by < 0.1, and the average deviations of the measurements of W(H) and W(K) from their mean values are ±0.22 and ±0.17, respectively. Because some fraction of this variation may be due to the difference in phase, these values are probably upper limits on the true errors.
During their light cycles, type ab variables describe loops in the W(H)-W(K) plane that collapse to approximately straight lines once the period of high effective gravity on the rising branch is excluded. Layden's (1993 Layden's ( , 1994 metallicity calibration consists of a family of straight lines that he fit to observations of stars of known [Fe/H]. We have compared our observations with a few of these lines in Figure 6 , where one can see that the lines connecting two observations of the the same star that differ by a large amounts in W(H) generally follow Layden's lines of constant [Fe/H] . Several of these measurements are systematically offset from one another in the sense expected of stars that differ in [Fe/H] . This and the large range in W(K) that is spanned at roughly constant W(H) is evidence for a real metallicity variation among this sample of stars. Table 1 ) were obtained from the lines in Layden's (1993) family that passed through each W(H),W(K) measurement. More than one [Fe/H] measurement was obtained for 13 of the stars, and the deviations of these measurements from their mean values average 0.08 dex. The errors in Layden's calibration of the Freeman & Rodgers technique appear to be the major source affecting the external precision of our measurements. Layden's (1994) measurements with spectrograms similar to ours in resolution and signal to noise had precisions of 0.15-0.20 dex when compared to other [Fe/H] measurements in the literature. The external precisions of our measurements are probably similar to his, although we do not have an independent determination. Average metallicities for each star are given in Table 3 . Figure 7 ). The dispersion of the RR Lyrae variables is larger that expected from the measuring errors alone, which is evidence for a real abundance range. It is substantially smaller than the dispersion in the Milky Way's halo ( [Fe/H] halo = −1.6; σ halo = 0.4 dex; Kinman et al. 2000) and is smaller than the ones found in the dSph galaxies in the Local Group (0.3-0.6 dex; Mateo 1998). However, the measurements for these galaxies pertain to their entire stellar populations, which in most cases span a much larger range in age, and therefore possibly [Fe/H], than their RR Lyrae variables.
The [Fe/H] values (see
The main body of Sgr has, in fact, a well-defined age-metallicity relation. The [Fe/H] found here for the RR Lyrae variables in the leading Sgr stream is consistent with this relationship (Layden & Sarajedini 2000) if, as expected, they are coeval with the oldest stellar population in the main body. The red giant sample from the Spaghetti Survey is, however, more metal poor by ∼ 0.5 dex than the average abundance of the red giants in the main body (Dohm-Palmer et al. 2001) . Since the streams are composed of the stars that were once at the periphery of the parent galaxy, Dohm-Palmer et al. speculated that this offset in [Fe/H] could be a sign that a strong radial gradient in [Fe/H] existed in the dSph galaxy prior to the formation of the streams. There is no need of gradient to explain the properties of the RR Lyrae variables, and it is difficult to reconcile a large one with the recent discovery of many metal-rich M giants in the streams (Majewski et al. 2003) .
The absolute magnitudes of the RR Lyrae variables have a mild dependence on metallicity, and in their discussion of the QUEST survey, Vivas & Zinn (2004) Table 3 lists the heliocentric distances (r ⊙ ) obtained using these measurements, the interstellar extinctions in Vivas & Zinn (2004) , and the relation given in Demarque et al. (2000) :
Because the mean [Fe/H] of the stars is only 0.17 dex lower than the previously assumed value, this revision increases the distance to the stream by only ∼ 1 kpc. Excluding stars #333 and #337 on the basis of their radial velocities, the sample has a mean of r ⊙ of 53.8 ± 1.3 kpc and a standard deviation of 4.8 kpc. Since we purposely picked stars that span the range in magnitude of the stream, the true distribution is probably more sharply peaked than this sample.
COMPARISON WITH RECENT MODELS
Several numerical models of the disruption of Sgr are available in the literature, and in general, there is good agreement between the location of the multiple observations of the Sgr streams and the predictions of these models, which are being refined as more data become available. Detailed comparisons are made here between the properties of the RR Lyrae stars in the northern stream and the most recent theoretical models: Helmi (2004) and Martínez-Delgado et al. (2004) . We compare not only the location of the stream on the sky but also the distances and radial velocities of the stars. To do this comparison, we extracted from the models all the particles (stars) located in the same part of the sky as our RR Lyrae variables: 13.
h 0 < α < 16. h 0 and −2.
• 2 < δ < +0.
• 1.
The Size of the Stream. As discussed in Vivas et al. (2001) and Vivas & Zinn (2004) and shown in Figure 1 , there is an over-density of RR Lyrae stars spanning a very wide range in right ascension, ∼ 36
• . Our spectroscopic observations confirm that this is the true size of the stream, for from one end to the other, the RR Lyrae variables have a coherent velocity distribution, with very little gradient in mean velocity. Because RR Lyrae variables are excellent standard candles, both the distance and the width along the line of sight are reliably known in this part of the sky.
The top panel of Figure 8 is a plot of r ⊙ against α for all the RR Lyrae stars in the QUEST survey that lie within the range of α shown by the dashed rectangle in Figure 1 and have r ⊙ ≥ 15 kpc. The number of stars at ∼ 50 kpc is much larger than the expected number of random halo stars (Vivas et al. 2001; Vivas & Zinn 2004 ). There are two other over-densities of RR Lyrae stars which are described with detail in Vivas & Zinn (2004) . At α ∼ 230
• , r ⊙ ∼ 20 kpc there are variables in the globular cluster Pal 5 and in addition, ones that are probably part of its tidal debris. The small group of stars at α < 200
• and r ⊙ ∼ 20 kpc in the figure is the eastern edge of a larger feature that has been called the "12.
h 4 clump" (Vivas & Zinn 2003 . Besides these three over-densities, the number and distribution of the rest of the stars is compatible with them being random halo stars. The other panels in the Figure show the distance distributions of the stars in the Sgr stream that are predicted by the models of Martínez-Delgado et al. (2004) and Helmi (2004) . The model of Martínez-Delgado et al. that is plotted assumed a flattening of the dark matter halo of q=0.5. They concluded that this model yielded the best fit to the available observational data. Also plotted are three different models by Helmi, each assuming a different shape for the Milky Way's dark matter halo: an spherical halo (q=1.0), an oblate flattened halo (q=0.8) and a prolate flattened one (q=1.11)
Each of these models fails to reproduce in detail the location of the stream on the sky.
The highest concentration of the RR Lyrae stars occurs at α ∼ 216
• , coincident with the Sgr plane defined by the M-giants (Majewski et al. 2003) , while all the models have their peaks at alpha 220. In addition, none of the models reproduces the length of the stream in right ascension. There are very few particles in each model that lie at distances of ∼ 50 kpc with α < 210
• , while there are many RR Lyrae stars with 195 • < α < 210
• and r ⊙ ∼ 50 kpc.
The region between 210 • < α < 220
• provides particularly useful comparisons because there are clear differences between the oblate models (Martínez-Delgado et al. and Helmi's q=0.8 model) and the spherical and prolate ones, and because there is no possible confusion in the QUEST data between the Sgr stream and the other over-densities mentioned above. In this region, both oblate models predict large widths in r ⊙ , which are not seen in the QUEST data. Within this span of α, there are 34 RR Lyrae stars at r ⊙ > 45 kpc and only 7 between 35 < r ⊙ < 45 kpc. As mentioned above, this small number of relatively nearby stars is consistent with their membership in the general halo population. In the MartinezDelgado et al. model, there is a broad distribution of stream particles between ∼35 and 55 kpc, with no strong clustering. Helmi's oblate model is qualitatively similar in having a broad distribution in distance, although it does show some concentration at 50 kpc: 54% of all the particles in the model have r ⊙ > 45 kpc, while 35% have 35 < r ⊙ < 45 kpc. Since the QUEST survey easily found the over-density at ∼ 50 kpc, it is impossible that this survey missed an almost equally dense region at smaller distances. Both Helmi's spherical and prolate halo models predict a much narrower stream, with dispersions in distance of only ∼ 3 kpc. This is much more consistent with the distribution of RR Lyrae variables than the oblate models. The spherical and prolate models are, however, offset in r ⊙ by about 5 kpc (∆(m − M) o ∼ 0.2) from the concentration of the variables. This is too large to be due to the likely errors in the RR Lyrae distance scale alone (see Cacciari & Clementini 2003) .
Radial Velocity Distributions. In Figure 9 , the radial velocities of the RR Lyrae variables (solid circles) are plotted against right ascension and distance from the Sun. Also plotted are the particles in the preferred model of Martínez-Delgado et al. This model predicts a significantly lower mean velocity (−39 km/s) than our observations and more significantly, large gradients in velocity with α and with r ⊙ that are not observed. Although the two RR Lyrae variables that are outliers in Figure 5 have velocities that overlap with many of the model particles, they lie at significantly greater distances than the model. Figure 10 shows similar plots for Helmi's models. The oblate model with q=0.80 presents the same inconsistencies as the Martínez-Delgado et al.'s one: different mean velocity and gradients in velocity with both α and r ⊙ . In contrast, both the spherical and the prolate halo models have some appealing similarities. Most of their particles became unbound from the main body of Sgr during the past 3.5 Gyrs (×'s). Consequently, their radial velocity distributions are quite narrow. The spherical model has V h = 17 km/s and σ = 28 km/s, while the prolate halo has V h = 28 km/s and σ = 26 km/s. These numbers are very similar to our measurements ( V h = 33 km/s; σ = 25 km/s). Also, the two radial velocity outliers can be explained as stars that became unbound between 3.5 and 7 Gyrs ago (open diamonds). The ratio of the oldest particles to the more recent parts of the stream in Figure 10 (0.15 and 0.08 for q=1.0 and q=1.11 respectively) is consistent with our observation that only 2 out of the 16 RR Lyrae stars have velocities < −80 km/s.
The oblate models are clearly inferior to the spherical and prolate models in predicting the observed narrow widths of the stream in r ⊙ and in radial velocity. However, all of the models fail to predict the long extent of the stream in α, and for this reason, we are hesitant to conclude that the dark matter halo must be either spherical or prolate. Until more models are constructed with the goal to fit the data presented here, it is unclear whether these mismatches constitute fatal flaws or ones that can be removed with better choices for the model parameters. While the results of the above comparisons are inconclusive, they do illustrate that the coupling of radial velocity measurements with the precise distance information afforded by RR Lyrae variables is a powerful diagnostic for testing models of the stream 6 .
Each of the above models predicts the presence of stream stars in the same part of the sky but at closer distances (15 − 25 kpc). Because the number density of these stars is much less than in the clump at 50 kpc, they will not constitute so obvious over-densities with respect to the background of halo stars. The QUEST survey has detected numerous bright RR Lyrae stars in the region, and some of them appear to be clustered in weak over-densities (Vivas & Zinn 2004) . Spectroscopy of these relatively bright RR Lyrae stars is underway with the goal of seeing if they constitute moving groups. Their possible association with the Sgr stream will be examined.
SUMMARY
Our spectroscopic observations have yielded radial velocity and metallicity measurements for a subsample of the RR Lyrae variables that were discovered by the QUEST survey in the leading arm of the Sgr tidal stream. These data and the positional information provided by the whole sample of QUEST RR Lyrae variables in the stream provide powerful diagnostics to test numerical simulations of the Sgr tidal stream.
While recent models of the destruction of the Sgr galaxy reproduce the general properties of the Sgr tidal streams, they fail to reproduce the details revealed by the RR Lyrae variables. This is particularly true of models that assume a oblate flattening of the dark matter halo. Models that assume spherical and prolate dark matter halos provide better fits to the data, but ones that are still marred by some inconsistencies. The most striking of these is the failure of any model to reproduce is the observed span of the stream in right ascension (36
Our metallicity measurements show that the RR Lyrae stars in this part of the stream belong to a metal-poor population with [Fe/H] = −1.77. This mean value is consistent with the age-metallicty relation observed by Layden & Sarajedini (2000) in the central parts of the Sgr galaxy.
This work is based on observations collected with the FORS2 instrument at VLT, Paranal Observatory, Chile (Project 69.B-0343A). The data were obtained as part of an ESO service mode run. This research is part of a joint project between Universidad de Chile and Yale University, partially funded by the Fundación Andes. Financial support was also provided by the National Science Foundation under grant AST-0098428. C.G. acknowledges partial support from the Spanish Ministry of Science and Technology (Plan Nacional de Investigación Científica, Desarrollo e Investigación Tecnológica, AYA2002-01939) and from the European Structural Funds. We warmly thank Amina Helmi, David Matínez-Delgado and Mariángeles Gómez-Flechoso for making available to us their models of the Sgr tidal streams, and Andrew Layden for his programs for measuring the pseudo-equivalent widths of the spectral lines. We also thank the anonymous referee for helpful suggestions to the manuscript. h 8 < α < 15. h 6. The region observed by the QUEST survey consists of a long, but narrow (2.
• 3) strip of the sky centered on δ = −1.
• 0. The dashed lines enclose the stars that are suspected to be part of the Sgr stream. Solid points indicate the targets selected for spectroscopy at VLT. The solid points are the observational data. The rightmost points in the top and middle panels were not used in the fit because they lie too close to the discontinuity in the radial velocity curve. We show an example of a very good fit (top), an average fit (middle) and a poor one (bottom). Figure 9 but with the three models of Helmi (2004) that assume different flattenings of the dark matter halo of the Milky Way. The ×'s are particles that were liberated from the galaxy during the last 3.5 Gyrs. Open diamonds are particles that became unbound between 3.5 and 7 Gyrs ago. The left plots only include particles with distances 30 < r ⊙ < 65 kpc. Note that the spherical (q=1.0) and prolate (q=1.11) halo models reproduce the narrow velocity and distance distributions better than the oblate (q=0.8) one. However, all the models fail to match the distribution in α.
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